The effects of Cu substrate morphology and postelectrodeposition on the porosity and mechanical strength of Cu foam electrodeposits are examined. The porosity of the Cu foam is enhanced by changing the morphology of the Cu substrate from smooth to nodular because H 2 bubbles are split into small bubbles by the nodules. In addition, the adhesive properties of the Cu foam deposited on the nodular Cu foil are improved by the mechanical interlocking effects of the nodules. As a result of the postelectrodeposition treatment, the mechanical strength of the Cu foam is significantly enhanced primarily due to the covering of the post-Cu electrodeposit on the dendrite crystallites of the Cu foam. The Li capacity and cycle performances of a Sn anode are clearly improved when Sn is electrodeposited on the covered Cu foam on the nodular Cu foil compared with that on the uncovered Cu foam: 451 mAh g −1 at the 30th cycle for the Sn anode formed on the covered Cu foam on a nodular Cu foil and 89 mAh g There has been much attention paid to solid metallic foams due to their special structure and extreme lightness. Recently, there has been new interest in thin metallic foam, which has a higher specific surface area than conventional metallic foam, along with increased exploration for a new generation of electrochemical devices such as sensors, catalysts, and Li-ion batteries. For the conventional uses of metallic foam, it is necessary to prepare nanoporous metallic foam with pores less than 100 nm, preferably in film form, which cannot be obtained by conventional manufacturing processes. The conventional manufacturing processes for metallic foams, which generally involve the melts of the constitutional metals, have limitations in the control of the thickness and porosity of the foam. Therefore, another way of manufacturing thin metallic foam must efficiently be developed.
There has been much attention paid to solid metallic foams due to their special structure and extreme lightness. Recently, there has been new interest in thin metallic foam, which has a higher specific surface area than conventional metallic foam, along with increased exploration for a new generation of electrochemical devices such as sensors, catalysts, and Li-ion batteries. For the conventional uses of metallic foam, it is necessary to prepare nanoporous metallic foam with pores less than 100 nm, preferably in film form, which cannot be obtained by conventional manufacturing processes. The conventional manufacturing processes for metallic foams, which generally involve the melts of the constitutional metals, have limitations in the control of the thickness and porosity of the foam. Therefore, another way of manufacturing thin metallic foam must efficiently be developed.
Recently, Shin et al. estimated that thin Cu foam and Cu 6 Sn 5 deposits could be formed by a fast metal electrodeposition with concurrent generation of hydrogen bubbles at extremely high cathodic current densities. [1] [2] [3] In addition, Nikolic et al. showed that honeycomb-like and dishlike Cu electrodeposits can be prepared by electrodeposition at high overpotentials 4, 5 and also revealed the effect of potential pulse conditions on the structure of electrodeposits. 6, 7 However, the foam structures fabricated by electrodeposition exhibited poor mechanical strength and adhesion due to the dendrites or powderlike crystallites formed at a high cathodic current density. 8 Therefore, the mechanical strength and adhesion of the metallic foam structure must be improved for conventional uses such as substrates for electrodes in Li-ion batteries and catalysts. Jiang et al. suggested multiple-step electrodeposition with a secondary electrodeposition to improve the mechanical strength of threedimensional cellular Cu foams. 9 Recently, we have demonstrated that it is possible to improve the mechanical strength of Cu foam structures and have developed a Cu foam with three-dimensionally interconnected pores by adding 3-mercapto-1-propane sulfonic acid ͑MPSA͒ into the electrodeposition bath. 10 Furthermore, it was shown by Jiang et al. that the Cu foam architecture is effective to diminish the severe volume changes of Si particles and Sn films that may occur during the charging/discharging of Li ions. 11, 12 However, there are few papers about the effects of substrate morphology on the Cu foam structure and about ways to enhance the porosity of Cu foam by electrodeposition.
In this work, we explored the effects of substrate morphology ͑smooth or nodular͒ on the pore structure of Cu foams synthesized by electrodeposition and further examined the effects of postelectrodeposition treatment on the mechanical strength of the foam. Finally, the Cu foam was used as a current collector for the Sn anode in a Li-ion battery to evaluate the effects of the Cu foam structure on the cycle performances of the electrodes.
Experimental
Preparation of porous Cu foam structure by electrodeposition.-Three-dimensional Cu foams were prepared by electrodepositing onto a smooth or a nodular Cu foil ͑ILJIN Copper Foil Co., Ltd͒ at a relatively high current density of −3 A cm −2 for 4 s ͑referred to as primary electrodeposition͒, which concurrently generated hydrogen gas that acted as a dynamic template for the formation of Cu foam. The compositions of the electrolyte used in the primary electrodeposition are described in Table I . Detailed conditions of the primary electrodeposition are found in previous works. 10 To cover the dendrites of the Cu foam prepared by the primary electrodeposition, two electrodeposition methods were examined. One was pulse electrodeposition that consisted of primary electrodeposition, and the second electrodeposition was done by applying a relatively low current of Ϫ20 mA for 1500 s on the Cu foam formed by the primary electrodeposition in the same electrolyte. Postelectrodeposition treatment was also conducted at a relatively low current of Ϫ20 mA for 1500 s in a high concentration copper sulfate bath to cover the dendrites of the Cu foam prepared by primary electrodeposition. The basic constituents of the postelectrodeposition bath are also listed in Table I . The temperature of the solution was maintained at 25°C during electrodeposition.
A standard three-electrode cell was used for the electrochemical tests with an 18 m thick pure Cu foil as a working electrode, a Cu plate as a counter electrode, and a saturated calomel reference electrode ͑0.241 V vs standard hydrogen electrode͒. Before the electrodeposition, the working electrode was cut into a 1 cm 2 disk using a punching machine and dipped in a 10 wt % H 2 SO 4 solution for 1 min to remove the native oxide film on the Cu surface.
X-ray diffraction and scanning electron microscopy ͑SEM͒ were used to investigate the microstructure and the morphology of the Cu electrodeposits, respectively.
Preparation of Sn anode by electrodeposition and charge/ discharge test of Sn anodes.
-Sn anodes were fabricated by electrodeposition onto the prepared Cu foam substrate at Ϫ20 mA for 200 s in the pyrophosphate-based electrolyte described in Table I . The fabricated anodes were dried in a vacuum chamber overnight.
The Li/Sn cells were assembled using a 2016 coin-type cell in an Ar-filled glove box. The charge/discharge characteristics were ex-amined galvanostatically ͑100 mA g −1 ͒ between 0.02 and 1.0 V ͑vs Li/Li + ͒ at 30°C. Lithium metal was used as a counter electrode, and a polypropylene separator was placed between the lithium metal and the Sn electrode. A solution of 1 M LiPF 6 dissolved in ethylene carbonate:dimethyl carbonate ͑1:1 volume ratio͒ was used as the electrolyte.
Results and Discussion
Effects of substrate morphology on adhesion and the pore structure of Cu foam.- Figure 1 shows the effects of the surface morphology of the substrate on the pore structure of the Cu foam. The Cu foam structures were formed by primary electrodeposition on both smooth-type and nodular-type Cu foils, as shown in Fig. 1a and b, respectively. The skeleton of the Cu foam structure deposited on the nodule-type substrate, as shown in Fig. 1d , was thinner than that on the smooth-type one ͑Fig. 1c͒. Consequently, the Cu foam electrodeposited on the nodule-type Cu substrate exhibited extreme porosity. This phenomenon appears to originate from the nodules, which split H 2 bubbles generated on the surface of the substrate during electrodeposition into smaller ones by inhibiting the coalescence of H 2 bubbles, as presented in Fig. 2b . Hence, the Cu electrodeposit formed on the nodule-type substrate exhibits a thinner skeleton and a more porous structure than that on the smooth-type one, as presented in Fig. 2d and c, respectively. Furthermore, the nodule-type Cu substrate was developed to improve the adhesion strength of the Cu layer by the mechanical interlocking effect of the nodules. 13, 14 Therefore, the Cu foam structure deposited on the nodule-type substrate exhibits a stronger adhesion between the electrodeposit and the substrate. From these results, it is estimated that the Cu foam structure deposited on the nodule-type Cu foil is better than that on the smooth-type one for use as a substrate for lithiumion batteries, catalyst, sensors, and so on.
Effects of post-electrodeposition on the surface morphology of Cu foam.-Even if it has a high porosity, thin Cu foam is difficult
to use commercially when it is formed at a relatively high current density without any post-treatment because Cu foam electrodeposits consist of mechanically fragile dendrites. 8 Hence, we conducted pulse electrodeposition and postelectrodeposition on the Cu foam prepared by the primary electrodeposition. The difference between the pulse electrodeposition and the post-electrodeposition is the electrodeposition bath; the electrolyte for pulse electrodeposition was exactly the same as the electrolyte used in the primary elec- 
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Journal of The Electrochemical Society, 157 ͑5͒ D269-D273 ͑2010͒ D270 trodeposition, with the two different current densities being applied continuously. However, the electrolyte used in the postelectrodepositon was a high concentration copper sulfate-based bath. However, the delay time between the primary electrodeposition and the postelectrodeposition was less than a few seconds. The appropriate conditions for the postelectrodeposition were determined by changing the concentrations of the copper sulfate and sulfuric acid of electrolyte, the applied current, and the deposition time. The effects of pulse electrodeposition on the morphology of the Cu foam are presented in Fig. 3 . As shown in Fig. 3a , the Cu foam fabricated at a relatively high cathodic current density by primary electrodeposition consisted of fine dendrites and, hence, exhibited weak mechanical strength due to its loose architecture. However, after a relatively low current of Ϫ20 mA was applied for 1500 s on the primarily prepared Cu foam, the dendrites were covered with a smooth layer, as shown in Fig. 3b . Because the exact surface area could not be defined clearly, the deposition current density was not calculated. Although the mechanical strength of the Cu foam seems to be enhanced by the pulse electrodeposition, the adhesion between the Cu foam and the substrate was not improved because the secondarily formed electrodeposits covered only the ridge area of the Cu foam and did not successfully cover the valley area, as shown in Fig. 3c ͑arrows point out the uncovered valley areas͒.
To improve not only the mechanical strength of the Cu foam but also the adhesion between the Cu foam and substrate, postelectrodeposition was induced based on Jiang et al.'s work 9 instead of the two-step electrodeposition. However, unlike Jiang et al.'s works, no additives were contained in the electrolyte used for postelectrodeposition. The postelectrodeposition process was conducted in a high concentration copper sulfate bath, as described in Table I , at a relatively low current of Ϫ20 mA for 1500 s to cover the dendritic surface of the prepared Cu foam with a high strength layer. The SEM images of the Cu foam after the postelectrodeposition process are presented in Fig. 4 . Whole dendrites in both ridge and valley regions were covered with Cu electrodeposits, which were shaped like fine nodules. Consequently, it is possible to conclude that the adhesion between the Cu foam and the substrate was effectively improved by the postelectrodeposition compared to the pulse electrodeposition. Moreover, if the Cu foam is used as the substrate of the anode of a lithium-ion battery, it is expected that the Cu electrodeposits with nodules can give rise to enhanced adhesion between the Cu foam as the substrate and the active material such as Sn.
Charge/discharge characteristics of Sn electrode using covered Cu foam as substrate.-As shown in Fig. 5 , full coverage of Sn on the Cu foam was successfully obtained by tuning the surface of the Cu foam substrate from a nanodendrite structure to a nodular structure by the postelectrodeposition. The Sn electrode on the Cu foam substrate deposited on the nodule-type Cu foil has a mechanically stiff structure and a large surface area, as shown in Fig. 5b , due to the high porosity of the Cu foam substrate. In comparison with the Sn electrode on the Cu foam electrodeposited on a nodule-type substrate, the Sn electrode on the Cu foam deposited on the smooth Cu substrate exhibited a relatively low porosity, as shown in Fig. 5a , because the porosity of the Cu foam deposited on the smooth Cu substrate was lower than that of the Cu foam deposited on the nodular Cu substrate presented in Fig. 3 . From energy-dispersive spectroscopy ͑EDS͒ analysis using Fig. 5c and d , it is evident that the valleys and ridges of the covered Cu foam deposited on the nodular substrate were successfully covered with Sn electrodeposits. Figure 6 shows the charge/discharge curves of the Sn electrode fabricated by electrodeposition at Ϫ20 mA for 200 s on various types of substrates: ͑i͒ Cu foam deposited on a smooth-type Cu foil, ͑ii͒ Cu foam deposited on a nodule-type Cu foil, ͑iii͒ covered foam ͑covered by postelectrodeposition͒ deposited on a smooth-type Cu foil, and ͑iv͒ covered foam ͑covered by postelectrodeposition͒ deposited on a nodule-type Cu foil. For Sn anodes on the Cu foam deposited on a nodule-type Cu ͑Fig. 6b͒, the initial discharge ͑Li + insertion͒ capacity of the Sn anodes on the Cu foam deposited on the nodule-type Cu was 567 mAh g −1 ͑Fig. 6b͒; however, this high capacity was mainly caused by high voltage irreversible capacity. Indeed, the initial charge ͑Li + extraction͒ capacity dropped to 214 mAh g −1 . Such behavior has already been reported by Beattie, which supports that this anomalous behavior occurring on the Sn anode in the voltage range over 1.0 V is due to the reduction of oxide in the anode, forming Li 2 O. 15 In the Sn electrodes deposited on the covered Cu foam deposited on a smooth-type Cu foil ͑Fig. 6c͒ and on the covered Cu foam deposited on a nodule-type Cu foil 
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͑Fig. 6d͒, the initial charge capacities were 604 and 796 mAh g −1 , respectively. In particular, the Sn electrode deposited on the covered Cu foam deposited on the nodule-type Cu foil exhibited little high voltage irreversible capacity.
As shown in Fig. 7 , the cycle performances of the Sn anodes electrodeposited on the covered Cu foam fabricated by postelectrodeposition ͑Fig. 7c and d͒ were improved compared with the Sn anodes on the uncovered Cu foam ͑Fig. 7a and b͒. In addition, the nodular substrate affects the energy densities; the charge capacities of Sn anodes using nodular Cu as substrates for Cu foam ͑Fig. 7b and d͒ were higher than those of Sn anodes using the smooth one as substrates for the Cu foam structure ͑Fig. 7a and c͒ for all along 30 cycles. In addition, as shown on the right side graph of Fig. 7 , the initial coulombic efficiencies of Sn anodes differed significantly depending on the substrate used. The low coulombic efficiencies less than 40% of the Sn anodes electrodeposited on the uncovered Cu foam seem to be due to the collapse of the mechanically weak uncovered Cu foam by the unbearable volume change in the Sn anode caused during lithiation/delithiation. In addition, the improved adhesion between the nodular Cu foil and the Cu foam by the postelectrodeposition had a positive impact on the cycle performances of the Sn anodes ͑Fig. 7c and d͒. However, the coulombic efficiencies from the second cycle of all the Sn anodes except the Sn anodes using Cu foam deposited on smooth Cu as the substrate were more than ϳ90%. This high coulombic efficiency is probably due to the buffering action of the copper foam against the volume expansion of the Sn anode during the lithiation and also to the improved strength of the Cu foam structure by the postelectrodeposition. Nevertheless, the capacities of all Sn anodes decreased with increasing cycling. Such poor cycle performances are mainly due to the continuous collapse of the Sn anodes by the severe volume change during the lithiation/delithiation.
Conclusions
To improve the adhesion between substrates and Cu foam electrodeposits, the porosity of the Cu foam, and the mechanical strength of the Cu foam structure, the morphology of the Cu substrates as well as the electrodeposition conditions were optimized. The Cu foam on the nodule-type substrate exhibited higher porosity with smaller pores and a thinner back-bone structure than that on the smooth-type Cu because H 2 bubbles split into small bubbles on the nodules of the substrate. Moreover, the nodular substrate enhanced the adhesion between the Cu substrate and the Cu foam electrodeposit by the interlocking effect between them. In addition, the improvement in the mechanical strength of the Cu foam electrodeposit was obtained by the postelectrodeposition on dendritic Cu foam in a high concentration copper sulfate electrolyte. 
